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Abstract Magnetic fields of planets, stars and galaxies are generated by self-
excitation in moving electrically conducting fluids. Once produced, magnetic fields
can play an active role in cosmic structure formation by destabilizing rotational
flows that would be otherwise hydrodynamically stable. For a long time, both hy-
dromagnetic dynamo action as well as magnetically triggered flow instabilities had
been the subject of purely theoretical research. Meanwhile, however, the dynamo
effect has been observed in large-scale liquid sodium experiments in Riga, Karls-
ruhe and Cadarache. In this paper, we summarize the results of some smaller liquid
metal experiments devoted to various magnetic instabilities such as the helical and
the azimuthal magnetorotational instability, the Tayler instability, and the different
instabilities that appear in a magnetized spherical Couette flow. We conclude with
an outlook on a large scale Tayler-Couette experiment using liquid sodium, and on
the prospects to observe magnetically triggered instabilities of flows with positive
shear.
1 Introduction
Magnetic fields of planets and stars are known to be produced by the homoge-
neous dynamo effect [22, 91]. After decades of mainly theoretical and numerical
work, the last years have seen tremendous progress in complementary experimental
studies devoted to a better understanding of self-excitation in homogeneous fluids
[11, 30, 73]. Following the pioneering Riga and Karlsruhe dynamo experiments
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[10, 83], it was in particular the rich dynamics observed in the French von Ka´rma´n
Sodium (VKS) experiment [5] that has provoked interest throughout the dynamo
community. The observed reversals, excursions, bursts, hemispherical fields etc.
have boosted considerable research directed to a deeper physical understanding of
the corresponding geomagnetic phenomena [3, 38, 46, 64, 70].
While realistic ”bonsai” models of planetary dynamos, with all dimensionless
numbers matching those of planets, will never be possible in the laboratory [30],
there is still ongoing effort to explore the technical limits of dynamo experiments.
This applies to the 3 m diameter spherical Couette experiment presently being spun
at the University of Maryland [1, 94], to the 2 m diameter precession dynamo experi-
ment [77, 78] that is under construction at Helmholtz-Zentrum Dresden-Rossendorf
(HZDR), as well as to the 3 m diameter plasma dynamo experiment in Madison
[8]. One of the characteristics of those ”second generation” dynamo experiments
is a larger degree of uncertainty of success. Whereas the Riga and Karlsruhe ex-
periments had turned out to be well predictable by kinematic dynamo codes and
simplified saturation models [74] (and even the unexpected VKS dynamo results
can be explained when correctly including the high permeability disks [14, 15, 39]),
the outcomes of the Maryland, HZDR and Madison experiments are much harder
to predict. In either case, this uncertainty follows directly from the ambition to con-
struct a truly homogeneous dynamo, neither driven by pumps or propellers, nor
influenced by guiding blades or gradients of magnetic permeability. This higher
degree of freedom makes those experiments prone to emerging medium-size flow
structures and waves. Actually, it is the influence of such waves that might foster,
or inhibit, dynamo action in a much stronger way than any quasi-stationary analysis
would suggest [47, 85]. A closely related aspect here is the possibility of subcritical
dynamo action under the influence of magnetic fields (as discussed, e. g., for rapidly
rotating convection problems [9, 68]).
Apart from this connection to dynamo action, instabilities and wave phenomena
that appear under the common influence of rotation and magnetic fields are interest-
ing in their own right, in particular with respect to the angular momentum transport
in planetary cores [43, 44] and in active galactic nuclei and proto-planetary disks [2]
by virtue of the magneto-rotational instability (MRI). The fluctuations, arising from
this and related magnetic flow instabilities, correlate and amplify the eddy viscosity
of the fluid. The magnetic resistivity and the transport coefficients for temperature
and mixing of chemicals, however, are less influenced by the magnetic fluctuations.
Consequently, the magnetic Prandtl number and the Schmidt number (i. e. the ratio
of viscosity and diffusion coefficient) are enhanced under the presence of turbulent
magnetic field components which are due to the instability of the magnetic back-
ground fields [41]. This effect is supposed to explain the rigid rotation of the stellar
interiors [65], but may also play a role for the amplification of the fluid viscosity by
magnetic instabilities in planetary cores.
It is for good reasons, therefore, that a number of medium-size liquid metal ex-
periments are dedicated mainly to those instabilities, without ambition to reproduce
the very dynamo effect. This applies, in particular, to the DTS experiment in Greno-
ble where a variety of magneto-inertial waves have been identified [59], to the spher-
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ical Couette experiment in Maryland which has shown coherent velocity/magnetic
field fluctuations quite reminiscent of MRI [63], as well as to the Taylor-Couette ex-
periment in Princeton which has shown evidence for slow magneto-Coriolis waves
[40] and a free-Shercliff layer instability [48]. Despite these preliminary successes,
the latter experiments have made it clear that for liquid metal flows the unambiguous
identification of the standard MRI (SMRI), with a purely axial field being applied,
is extremely complicated due to the key role of boundary effects (e.g. Ekman pump-
ing) on the flow structure at those high Reynolds numbers (∼ 106) that are inevitably
connected with the need to obtain magnetic Reynolds numbers of order unity.
These sobering prospects for studying MRI in the lab suddenly brightened up
with the numerical prediction [18] of a very special, essentially inductionless, ver-
sion of MRI whose onset does not depend on crossing certain critical magnetic
Reynolds and Lundquist numbers, but only on crossing certain critical Reynolds and
Hartmann numbers, which makes its experimental identification much easier. Since,
in its axisymmetric form initially studied, this MRI version requires the application
of axial and azimuthal magnetic field of comparable strengths, it was coined helical
MRI (HMRI) [32]. In 2006, a swiftly designed experiment at the PROMISE facility
at HZDR had given first evidence for the onset of this HMRI, with roughly cor-
rect wave frequencies observed in the predicted parameter regions of the Hartmann
number [71, 72]. In 2009, an improved version of this experiment - using split end-
rings installed at the top and bottom of the cylinder in order to minimize the global
Ekman pumping - allowed to observe the onset and cessation of HMRI for a number
of parameter variations in much better agreement with numerical predictions [75].
After some preceding dispute about the (noise-triggered) convective or global char-
acter of the observed instability [33, 45], the results gave now strong arguments in
favour of the latter.
In parallel with these experimental works, Hollerbach et al. [21] had identified
a further induction-less MRI version that appears for strongly dominant azimuthal
fields in form of a non-axisymmetric (m= 1) mode, which is now called azimuthal
MRI (AMRI). When further relaxing the demand that the azimuthal field should
be current-free, one enters the realm of current-driven instabilities, including the
Tayler instability (TI) [84], a kink-type instability in current-carrying conductors,
whose ideal counterpart has been known for a long time from plasma z-pinch ex-
periments [4]. Interestingly, the TI has been intensely discussed as a main ingredient
of the Tayler-Spruit dynamo model [67, 13, 53]). The first experimental investiga-
tion of the AMRI and the TI was the central goal of the project within DFG focus
programme ”PlanetMag”. The corresponding numerical and experimental results
for cylindrical geometry will be the content of section Sect. 2.
A further topic was related to the different types of non-axisymmetric instabilities
in spherical Couette flow that appear in dependence on the strength of an applied ax-
ial magnetic field [20]. Corresponding numerical predictions, and first experimental
results, will be reported in Sect. 3.
The paper closes with an outlook on the large-scale combined MRI/TI exper-
iment as it is planned in the framework of the DRESDYN project at Helmholtz-
4 F. Stefani, M. Gellert, Ch. Kasprzyk, A. Paredes, G. Ru¨diger and M. Seilmayer
Zentrum Dresden-Rossendorf, and on the prospects to observe magnetically trig-
gered instabilities of flows with positive shear.
2 Instabilities in cylindrical geometry
In this section, we will present various numerical and experimental results on mag-
netically triggered flow instabilities in cylindrical geometry. These comprise the
AMRI and the TI, which are both non-axisymmetric instabilities with azimuthal
wavenumber m = 1 that appear under the influence of a purely (or dominantly) az-
imuthal magnetic field. While AMRI draws its energy from the shear of the flow and
requires the current-free azimuthal field only as a trigger, the kink-type TI draws its
energy from the electric current that is passing through the fluid. The axisymmet-
ric HMRI, which becomes dominant when the azimuthal magnetic field is comple-
mented by a vertical magnetic field of comparable magnitude, will also be discussed.
2.1 Theory and Numerics
During the last decade, the theory of HMRI, AMRI and TI has been developed in
a rather comprehensive manner. This development was ignited by the observation
of Hollerbach and Ru¨diger [18] that the combination of an axial and an azimuthal
magnetic field leads to an essentially inductionless version of the axisymmetric MRI
which does not scale with the magnetic Reynolds and the Lundquist number, but
rather with the Reynolds and Hartmann number. It is important to note that SMRI
and HMRI are continuously and monotonically connected [18], although the transi-
tion involves an exceptional point of the spectrum where the slow magneto-Coriolis
mode and the inertial mode coalesce [25]. Later it was also shown that the scaling
properties of AMRI are essentially the same as those of HMRI [27, 29].
These instabilities can be treated with analytical and numerical methods of in-
creasing complexity. In the following, we will present in some detail the short-
wavelength, or Wentzel-Kramers-Brillouin (WKB) method. It allows for analyti-
cal solutions in quite a couple of circumstances, and it provides easily a general
overview about many parameter dependencies and the transitions between differ-
ent instabilities. Then we give illustrating examples of 1D modal stability analysis
and of 3D simulations which are necessary for quantitative predictions of real-world
experiments. We also discuss some recent results explaining turbulent angular mo-
mentum transport and turbulent diffusion in stars in a consistent manner.
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2.1.1 Basic equations
For the direct numerical simulations the MHD equations for an incompressible and
electrically conduction fluid are solved. These are the coupled Navier-Stokes equa-
tion for the velocity field u and the induction equation for the magnetic field B,
∂u
∂ t +u ·∇u− 1µ0ρB ·∇B+
1
ρ∇P−ν∇2u= 0, (1)
∂B
∂ t +u ·∇B−B ·∇u−η∇2B= 0, (2)
where P = p+B2/(2µ0) is the total pressure, ρ the density, ν the kinematic vis-
cosity, η = (µ0σ)−1 the magnetic diffusivity, σ the conductivity of the fluid, and
µ0 the magnetic permeability constant. This set is complemented by the continu-
ity equation for incompressible flows and the solenoidal condition for the magnetic
induction:
∇ ·u = 0, (3)
∇ ·B = 0. (4)
This equation system can also be written in dimensionless form using the
Reynolds number Re = ΩiL2/ν , the Hartmann number Ha = B0L/
√µ0ρνη , and
the magnetic Prandtl number Pm = ν/η , where B0 denotes the external field ampli-
tude, Ωi the angular frequency of an inner cylinder, and L the gap width L= ro− ri
between an inner radius ri and an outer radius ro
To study the mixing properties the diffusion equation for a passive scalar
∂C
∂ t
+∇ · (uC) = 1
Sc
∆C (5)
is additionally solved. Here Sc = ν/D∗ is the Schmidt number and D∗ = Dmol +
Dturb the effective diffusion coefficient with a molecular and a turbulent contribu-
tion.
2.1.2 Short wavelength approximation
The short-wavelength, or WKB, approximation provides a unified and comprehen-
sive framework for the investigation of the HMRI, AMRI and TI. In its simplest
version, restricted to the axisymmetric HMRI, it traces back to the work of Liu
et al. [32], which was later corroborated in more detail and extended to the non-
axisymmetric case by Kirillov et al. [25, 26, 27, 28, 29].
Following [29], the theory starts from the set of equations (1-4) as described
above. Here we consider the stability of a rotating conducting fluid exposed to a
magnetic field sustained by electrical currents outside and/or inside the fluid. Intro-
ducing cylindrical coordinates (r,φ ,z) we assume a steady-state background liquid
flow with the angular velocity profile Ω(r) in a (in general) helical background
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magnetic field with constant axial and radially varying azimuthal components:
u0(r) = rΩ(r)eφ , p= p0(r), B0(r) = B0φ (r)eφ +B
0
zez. (6)
In the particular case that the azimuthal component is produced by an axial current
I confined to r < ri, the azimuthal field becomes
B0φ (r) =
µ0I
2pir
. (7)
It is convenient to characterize the shear of the background field by the hydrody-
namic Rossby number (Ro),
Ro :=
r
2Ω
∂rΩ , (8)
which gives Ro = 0 for solid body rotation, Ro =−3/4 for Keplerian rotation, and
Ro = −1 for the Couette flow profile Ω(r) ∼ r−2. In close correspondence to Ro,
we also define the magnetic Rossby number
Rb :=
r
2B0φ r−1
∂r(B0φ r
−1). (9)
Then, Rb = 0 results from a linear dependence of the magnetic field on the radius,
B0φ (r) ∝ r, as it would be produced by a homogeneous axial current in the fluid,
while Rb = −1 characterizes the limit of a current-free field in the liquid that is
produced solely by an axial current confined to r < ri.
The linearization around this steady state leads, after some algebra, to a fourth
order secular equation for the (complex) spectral parameter γ:
p(γ) = det(H− γI) = 0. (10)
Here, I is the 4×4 identity matrix and H is
H=

−inRe−1 2αRe iHa(1+nβ )√
Pm
− 2αβHa√
Pm
− 2Re(1+Ro)α −inRe−1 2βHa(1+Rb)α√Pm
iHa(1+nβ )√
Pm
iHa(1+nβ )√
Pm
0 −inRe− 1Pm 0
−2βHaRb
α
√
Pm
iHa(1+nβ )√
Pm
2ReRo
α −inRe− 1Pm
 (11)
where we used the magnetic Prandtl number (Pm), the ratio of the Alfve´n frequen-
cies (β ), the Reynolds (Re) and Hartmann (Ha) numbers as well as the modified
azimuthal wavenumber n according to
Pm =
ων
ωη
, β = α
ωAφ
ωAz
, Re = α
Ω
ων
, Ha =
ωAz√ωνωη , n=
m
α
. (12)
Note the definitions for the viscous, resistive and the two Alfve´n frequencies:
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ων = ν |k|2, ωη = η |k|2, ωAz =
kzB0z√ρµ0 , ωAφ =
B0φ
R
√ρµ0 , (13)
with k= (k2z + k2r )1/2 and α = kz/|k|.
Fig. 1 Stability chart in the Ro−Rb plane, for Pm= 0, Ha and Re tending to infinity, and optimized
values of β (for HMRI) or α (for AMRI). The Liu limits LLL and ULL apply only for Rb = −1,
while for Rb > −1 shallower shear profiles can also be destabilized (including Kepler rotation
starting at Rb = 0.78125.). The dotted line separates flows with negative shear (to the left) and
positive shear (to the right).
The secular equation (11) has been analyzed in much detail using Bilharz’ stabil-
ity criterion [28, 29]. One of the most important results refers to the limiting stability
curve (see Fig. 1) in the Ro−Rb plane, which obeys the analytical equation
Rb =−1
8
(Ro+2)2
Ro+1
. (14)
The crossing points of this curve with the abscissa (Rb = −1) recover the original
result of [32], that for Pm = 0, and optimal values of β , the instability domains lie
outside the stratum
2−2
√
2 =: RoLLL < Ro < RoULL := 2+2
√
2,
where RoLLL = 2(1−
√
2 ≈ −0.828 denotes the lower Liu limit (LLL), as we call
it now, and RoULL = 2(1+
√
2)≈ 4.828 the upper Liu limit (ULL).
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Figure 1 shows that the LLL and ULL are just the endpoints of a quasi-hyperbolic
curve. At Rb = −1/2 the branches for negative shear Ro < 0 and positive shear
Ro > 0 meet each other. We find that in the inductionless case Pm = 0, when the
Reynolds and Hartmann numbers tend to infinity in a well defined manner [29]
and β or n are optimized, the maximum achievable critical Rossby number Roextr
increases with the increase of Rb. At Rb≥−25/32 =−0.78125, Roextr would even
exceed the critical value for the Keplerian flow. Therefore, the very possibility for
Bφ (r) to depart from the profile Bφ (r) ∝ r−1 allows us to break the conventional
lower Liu limit and extend the inductionless versions of MRI to velocity profiles
Ω(r) as flat as the Keplerian one and even to less steep profiles.
One might ask whether there is any deeper physical sense behind the two Liu
limits and the line connecting them. In order to clarify this point, we have inves-
tigated in [35] the non-modal dynamics of HMRI arising from the non-normality
of the operator H in Eq. (11). For Pm 1 we traced the entire time evolution of
the optimal growth of the perturbation energy and demonstrated how the non-modal
growth smoothly carries over to the modal behavior at large times. At small and
intermediate times, HMRI undergoes a transient amplification. It turned out that the
modal growth rate of HMRI displays a very similar dependence on Ro as the max-
imum non-modal growth of the purely hydrodynamic shear flow. In particular, the
optimized non-modal growth rate Gm turned out to be identical at the two Liu lim-
its, namely Gm = (1+Ro)sign(Ro) = 5.828! This indicates a fundamental connection
between non-modal dynamics and dissipation- induced modal instabilities, such as
HMRI. Despite the latter being magnetically triggered, both rely on hydrodynamic
means of amplification, i. e., they extract energy from the background flow mainly
by Reynolds stress.
2.1.3 1D and 3D simulations
Actually, the apparently simpler WKB analysis of HMRI, AMRI and TI, as sketched
above, was preceded by many detailed 1D and 3D simulations [18, 21, 50, 51].
Specifically, the first predictions of HMRI [18, 50] and AMRI [21, 51] were done
with 1D codes solving a linear eigenvalue problem for determining the stability
thresholds.
Figure 2 shows a recent example for predicting the AMRI experiment at the
PROMISE facility (to be discussed below). For the experimentally relevant values
Pm = 10−6, Re = 3000, µ := fo/ fi = 0.26, and varying Ha, the left column shows
the normalized growth rate (a), the normalized drift rate (b), and the normalized
wave number (c), all obtained with the linear eigenvalue solver [55]. Evidently, the
unstable region extends from Ha≈ 80 to Ha≈ 400. The right column (d) shows the
radial magnetic field component of the AMRI pattern which was computed with the
3D fully non-linear code described in [12].
More recent numerical results include the proof that Chandrasekhar’s supposedly
stable solution [6], in which the Alfve´n velocity of the azimuthal field equals the ro-
tation velocity of the background flow, becomes unstable against non-axisymmetric
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Fig. 2 Numerical simulations for the AMRI experiment. Left: Results of a 1D linear eigenvalue
solver giving the normalized growth rate (a), the normalized drift frequency (b), and the normalized
wave number (c). (d) Radial magnetic field computed with a 3D nonlinear code, at Re = 1500,
Ha = 100, µ = 0.26 and Pm = 10−5 with split end-plates in units of the applied external field.
perturbations if at least one of the diffusivities is finite [56]. Another example of
such (double-)diffusive instabilities is the magnetic destabilization of flows with
positive shear [57].
2.1.4 Turbulent diffusion
Observations of the present sun with its nearly rigidly rotating core, and of far-
developed main-sequence stars, lead to the conclusion that a mechanism must exist
that transports angular momentum rather effectively outwards. Since the radiative
cores are stably stratified, convection is most probably not relevant here. Further-
more, the sought-after mechanism should enhance the transport of chemicals only
mildly, with an effective diffusion coefficient Dturb exceeding the molecular viscos-
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ity by one or two orders of magnitude [58]. The authors of [31] considered a relation
Dturb = Re∗ν for the diffusion coefficient (after the notation of Schatzman, see [93])
with Re∗ ' 100. While it has been known for some time that magnetic instability
could provide enhanced angular momentum transport (see [65]), we show in the
following that it also leads to a Schatzman number Re∗ of the correct magnitude.
The numerical model is based on a Taylor-Couette set-up with a current-driven
magnetic field that becomes unstable due to the Tayler instability. The whole system
rotates differentially with a quasi-Keplerian rotation profile (µ = 0.354 for a radius
ratio of ri/ro = 0.5). The most unstable mode is the m= 1 that grows and saturates.
Now the additional diffusion equation (5) is switched on and the enhanced or turbu-
lent diffusion coefficient Dturb due to the TI is measured (in units of the molecular
diffusion coefficient Dmol) [41].
The resulting ratio Dturb/Dmol for a fixed Hartmann number is shown in Fig. 3a.
In the slow rotation regime (with a magnetic Mach number Mm = Rm/S < 1), the
effective diffusivity hardly changes and is very close to zero. In the fast rotation
regime, the ratio Dturb/Dmol increases monotonically until it reaches a maximum at
about Mm ' 2. Finally, for faster rotation (Mm > 2), the effective diffusivity de-
creases rapidly due to the rotational quenching and reaches a rather constant value.
Nevertheless, the effective normalized diffusivity always increases with increasing
Schmidt numbers so that the Schatzman relation Dturb ∝ ν is valid without any in-
fluence from the microscopic diffusivity.
Fig. 3 Turbulent contribution to the diffusivity or mixing of TI-unstable flows. (a) Reynolds num-
ber dependence of Dturb for three values of the Schmidt number Sc = 0.1/1/2 with Ha = 80,Pm =
0.1. The value Mm = 1 (top horizontal axis) separates the regimes of slow and fast rotation. Note
the reduction of Dturb/Dmol for Mm > 2. (b) Schmidt number dependence with increasing slope or
Schatzman Re∗. Always µ = 0.35.
Figure 3b shows the normalized diffusivity for fixed Hartmann number as a
function of Sc. For all Reynolds numbers, the induced diffusivities Dturb are dif-
ferent from zero, and the ratio Dturb/Dmol scales linearly with Sc. The figure only
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shows the relation for those Reynolds numbers for which the diffusivities reach their
maximum at Mm≈ 2. For Sc→ 0, the diffusivity Dturb vanishes as well. However,
the essential result is the linear relation between Dturb/Dmol and Sc for molecular
Schmidt numbers Sc > 0.1. In the notation of Schatzman this means Dturb = Re∗ ν
with the scaling factor Re∗ (which indeed forms some kind of Reynolds number).
This linear relation holds for all considered Reynolds and Hartmann numbers.
The scaling or Schatzman factor Re∗ increases with increasing Ha, while for all
three shown parameter sets the magnetic Mach number is nearly the same. We find
Re∗ ∼ 4 for Ha = 80 increasing to Re∗ ∼ 8 for Ha = 200. A saturation for larger Ha
is indicated by the results presented in Fig. 3 and would be of the order of 50, which
is indeed the right magnitude of the additional diffusion process acting in the sun.
2.2 Experiments on HMRI
Shortly after the theoretical prediction of HMRI [18] the PROMISE experiment was
set-up at HZDR. Its heart is a cylindrical vessel made of copper (Fig. 4). The inner
wall extends in radius from 22 to 32 mm; the outer wall extends from 80 to 95 mm.
This vessel is filled with the alloy GaInSn, which is a most convenient medium as
it is liquid at room temperatures. The physical properties of GaInSn at 25◦C are:
density ρ = 6.36×103 kg/m3, kinematic viscosity ν = 3.40×10−7m2/s, electrical
conductivity σ = 3.27×106 S/m. The magnetic Prandtl Pm is therefore 1.4×10−6.
Fig. 4 The PROMISE experiment: (a) Schematic sketch of the central Taylor-Couette set-up and
the coil for producing the axial field. (b) Photograph of the installation, with the 20 kA power
supply visible on the right.
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The copper vessel is fixed via a spacer on a precision turntable. Hence, the outer
wall of the vessel serves also as the outer cylinder of the Taylor-Couette flow. The
inner cylinder of the Tayler-Couette flow is fixed to an upper turntable, and is im-
mersed into the GaInSn from above. It has a thickness of 4 mm, extending from 36
to 40 mm. The actual Taylor-Couette flow then extends between ri = 40 mm and
ro = 80 mm. In the very first set-up, PROMISE 1 [71, 72], the upper end-plate was
a plexiglass lid fixed to the frame while the bottom was simply part of the copper
vessel, and hence rotated with the outer cylinder. There was thus a clear asymmetry
in the end-plates, with respect to both their rotation rates and electrical conductivity.
In the second version, PROMISE 2 [74], the lid-configuration was significantly
improved by using insulating rings both on top and bottom, and by splitting them
at a well defined intermediate radius of 56 mm which had been found in [82] to
minimize the Ekman pumping.
With this set-up, HMRI has been comprehensively characterized by varying var-
ious parameters and comparing the observed travelling wave structure with numer-
ical predictions. The variations included those of the Reynolds number Re, of the
ratio µ = fo/ fi of rotation rates, of the Hartmann number Ha, and of the ratio β of
azimuthal to axial field. Figure 5 illustrates a typical result for the latter variation.
Fixing fi = 0.06 Hz, µ = 0.26, Icoil = 76 A, we varied the axial current between 0
and 8.2 kA. We observe a travelling HMRI wave only above 4 kA (Fig. 5a). The
comparison with numerical predictions is shown in Fig. 5b. The two triangles in-
dicate the numerically determined thresholds for the convective and the absolute
instability. The experimental curve suggests that the observed instability is indeed a
global one.
2.3 Experiments on AMRI
What happens in the PROMISE experiment when we switch off the axial magnetic
field? The theoretical predictions for this case have been given in [21]. The axisym-
metric (m= 0) HMRI is then replaced by the non-axisymmetric (m= 1) AMRI. At
the same time, the threshold of the Hartmann number increases to 80 which requires
a central current of approximately 10 kA [61].
In order to explore that parameter region, the power supply for the central rod,
restricted previously to 8 kA, was replaced by a new one which is able to deliver
20 kA. Connected with this enhancement of the switching mode power supply, sig-
nificant effort had to be spent on various issues of electromagnetic interference [62],
before the (initially extremely noisy) UDV data could be utilized for characterizing
the AMRI.
Another problem that became evident when analyzing the data was the factual
slight asymmetry of the allegedly axisymmetric field which results from the one-
sided wiring of the central vertical current (Fig. 4b). While the observable AMRI
structure was originally expected to be similar to that shown in Fig. 2d, a more so-
phisticated numerical analysis revealed the specific effect of the slight symmetry
Laboratory experiments and numerical simulations on magnetic instabilities 13
Fig. 5 Results of the PROMISE experiment, when varying the axial current. The fixed parameters
are fi = 0.06 Hz, fo = 0.0156 Hz, resulting in Re = 1775 and µ = 0.26, Icoil = 76 A, giving Ha =
12. (a) Measured UDV signals in dependence on time (abscissa) and vertical position (ordinate
axis), for 8 different axial currents Irod. (b) Rms of the perturbation of the axial velocity at the
UDV sensor position, in dependence on Irod. The dashed line shows the numerical predictions, the
full line shows the experimental results. The triangles give the numerical prediction for the onset
of the convective instability (empty triangle) and the absolute instability (full triangle).
breaking. This is illustrated in Fig. 6a which shows the spatio-temporal structure of
the AMRI wave as it would be expected for a perfectly symmetric, purely azimuthal
magnetic field produced by infinitely long wire at the central axis. The parameters
for this simulations are Re = 1479, Ha = 124. What comes out here is a very regular
”butterfly” diagram of downward and upward traveling waves which are concen-
trated in the upper and lower half of the cylinder, respectively. While in an infinitely
long cylinder upward and downward travelling waves should be equally likely, it
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Fig. 6 Results of the AMRI experiment. Left: Velocity perturbation vz(m = 1,z, t) for µ = 0.26,
Re = 1480, and Ha = 124. (a) Simulation for ideal axisymmetric field. (b) Simulation for realistic
field. (c) Experimental results. Right: Dependence of various quantities on Ha: (d) Numerically
determined growth rate. (e) Mean squared velocity perturbation. (f) Angular drift frequency. In the
frequency plot, “upward” and “downward” refer to the travel direction of the AMRI wave. After
[61].
is the breaking of axial symmetry due to the effect of the end-caps that induces a
preference for upward or downward travelling waves in the two halves of the vessel.
Interestingly, the effect of this first symmetry breaking in axial direction (due to
the end-caps) is neutralized by the second symmetry breaking in azimuthal direction
(due to the one sided wiring). As a result, the upward and downward travelling
waves interpenetrate each other in the two halves of the cylinder. This effect has
been revealed both in a numerical simulation which respects the correct geometry
(Fig. 6b), as well as in the experiment (Fig. 6c). In Fig. 6d-e we summarize the
results for varying Hartmann numbers, including the simulated growth rate (d), the
measured and predicted rms of the velocity perturbation (e), and the measured and
simulated drift frequencies (f).
While the observed and numerically confirmed effects of the double symmetry
breaking on the AMRI are interesting in their own right, we have decided to im-
prove the experiment in such a way that the azimuthal symmetry breaking is largely
avoided. This is accomplished by a new system of wiring of the central current,
comprising now a ”pentagon” of 5 back-wires situated around the experiment. First
experiments with this set-up show encouraging results. Any details, in particular
on the transitions between AMRI and HMRI when cranking up the axial magnetic
field, are left for future publications.
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2.4 Experiments on TI
Imagine the central current used in the AMRI experiment to be complemented, or
completely replaced, by a parallel current guided through the fluid column. This
current provides a further energy source for instabilities that adds to any prevail-
ing differential rotation. In the limiting case of vanishing differential rotation, the
purely current-driven, kink-type Tayler instability (TI) will arrive for sufficiently
large currents.
In principle, this effect has been known for a long time in plasma physics, where
the (compressible and non-dissipative) counterpart of TI is better known as the kink
instability in a z-pinch [4]. In astrophysics, TI has been discussed as a possible ingre-
dient of an alternative, nonlinear stellar dynamo mechanism (Tayler-Spruit dynamo
[67, 80]), as a mechanism for generating helicity [13], and as a possible source
of helical structures in galactic jets and outflows [36]. A particular, though non-
astrophysical, motivation to study the TI in liquid metals arises from the growing
interest in large-scale liquid metal batteries as supposedly cheap storages for re-
newable energies. Such a battery would consist of a self-assembling stratification of
a heavy liquid half-metal (e. g. Bi, Sb) at the bottom, an appropriate molten salt as
electrolyte in the middle, and a light alkaline or earth alkaline metal (e. g. Na, Mg) at
the top. While small versions of this battery have already been tested [24], for larger
versions the occurrence of TI could represent a serious problem for the integrity of
the stratification [76, 81, 88, 89, 90].
For liquid metals, TI is expected to set in at an electrical current in the order
of kA. The precise value is a function of various material parameters, since for
viscous and resistive fluids the TI is known [37, 53, 66] to depend effectively on the
Hartmann number Ha = Bϕ(R)R(σ/(ρν)1/2, where R is the radius of the column.
Here, we summarize experimental results [60] that confirm the numerically de-
termined growth rates of TI [53, 76] as well as the corresponding prediction that the
critical current increases monotonically with the radius of an inner cylinder.
The central part of our TI experiment (Fig. 7) is an insulating cylinder of length
75 cm and inner diameter 10 cm, filled again with the eutectic alloy GaInSn. At
the top and bottom, the liquid metal column is contacted by two massive copper
electrodes of height 9 cm which are connected by water cooled copper tubes to a DC
power supply that is able to provide electrical currents of up to 8 kA. By intensively
rubbing the GaInSn into the copper, we have provided a good wetting making the
electrical contact as homogeneous as possible.
For the identification of TI we exclusively relied on the signals of 14 exter-
nal fluxgate sensors that measure the vertical component Bz of the magnetic field.
Eleven of these sensors were aligned along the vertical axis (with a spacing of
7.5 cm), while the remaining three sensors were positioned along the azimuth in
the upper part, approximately at 15 cm from the top electrode. The distance of the
sensors from the outer rim of the liquid metal column was 7.5 cm. This rather large
value, which is certainly not ideal to identify small wavelength perturbations, has
been chosen in order to prevent saturation of the fluxgate sensors in the strong az-
imuthal field of the axial current.
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Fig. 7 Set-up of the TI-experiment. Left: Scheme with liquid metal column and fluxgate sensors
positioned along the vertical axis and the azimuth. Right: Photograph of the central part of the
experiment.
One of the main goal of the experiment was to study the influence of the electric
current through the fluid on the growth rate and on the amplitude of the magnetic
field perturbations. This was done without any insert, as well as for two different
radii of an inner non-conducting cylinder, ri=6 mm and 12.5 mm, for which we ex-
pect a monotonic increase of the critical current with the radius.
In Fig. 8 we compile the dependence of the growth rate of the TI on the radius of
the inner cylinder and on the current through the fluid, and compare them with the
numerically determined growth rates [53] for the mode with optimum wavelength
(appr. 13 cm). Despite some scatter of the data, we observe a quite reasonable agree-
ment with the numerical predictions.
We have to admit that the realization and the data analysis of the TI experiment
was significantly harder than originally envisioned. The main reason is the indirect
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Fig. 8 Growth rates of the TI in dependence on the current for three different radii (0, 6, and 12.5
mm) of a central insulating cylinder. The lines give the numerical results, the symbols show the
values inferred from the experiment. After [60].
identification of the TI by the fluxgate sensors along the height of the column and the
azimuth. The very weak induced magnetic fields, the slightly under-critical number
of sensors, but also the Joule heating due to the high current densities were main
obstacles for a clear identification of the TI.
We note that some later experiments using Ultrasonic Doppler Velocimetry
(UDV) in order to measure directly the axial velocity component along the z-axis did
not really solve the problems [69]. Actually, they even lead to strong electro-vortex
flows driven by the inhomogeneous current distribution at the sensor positions which
spoiled significantly the previous TI results obtained with a more homogeneous in-
terface between fluid and copper electrodes.
3 Instabilities in spherical geometry
The terminus spherical Couette flow refers to the fluid motion between two differ-
entially rotating spherical shells. If the liquid is electrically conducting and exposed
to an external magnetic field, the set-up is sometimes called magnetized spherical
Couette flow (MSCF). For resting outer cylinder, the system is completely defined
by three dimensionless parameters [54]: the Reynolds number Re = Ωir2i /ν as a
measure of the rotation (with angular velocity Ωi of the inner sphere with radius
ri), the Hartmann number Ha = B0ri
√
σ/ρν with B0 denoting the strength of the
applied axial magnetic field, and the geometric aspect ratio η = ri/ro with the outer
sphere radius ro.
Besides its paradigmatic character, the MSCF gained new attention in the astro-
physical community as Sisan et al. [63] had claimed the observation of the MRI
on the background of a fully turbulent flow. Later, however, Hollerbach [20] and
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Fig. 9 The HEDGEHOG experiment: (a) Photograph and drawing of the facility. (b) Zoom on the
spherical Couette module, showing the mountings for the UDV probes and the copper electrodes
for electric potential measurements. ri = 4.5 cm, ro = 9 cm.
Gissinger et al. [16] interpreted the observed fluctuations just as turbulent analogues
of various well-known MSCF instabilities.
In order to clarify this point, the new apparatus HEDGEHOG (Hydromagnetic
Experiment with Differentially Gyrating sphEres HOlding GaInSn) has been in-
stalled at HZDR (see Fig. 9). In contrast to [63], HEDGEHOG works in a quasi-
laminar regime for which numerical reference data is available for the two particular
aspect ratios η = 0.35 [20] and η = 0.5 [86].
3.1 Numerical simulations
The experiment has been numerically simulated by two different codes. One is the
code described in [17] which solves for a flow, driven by the rotating inner sphere,
according to the incompressible Navier-Stokes Equation including a Lorentz force
term. The steady states of the full three-dimensional calculation have the practi-
cal use of guiding diagnostic design and expectations for the low Re case. They
also demonstrate a saturation mechanism for the instabilities [23]. Complementary
to that code, we have also used the MagIC code [92], which has a long and very
successful record of simulating dynamos in spherical geometry.
Figure 10 shows the stability boundaries and illustrates two typical instabilities,
for a MSCF with aspect ratio η = 0.5. First, Fig. 10a shows the boundaries for the
different types of instability in dependence on Ha. Actually, the lines have been
replotted from [86], although large parts of the diagram were reproduced by Holler-
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bach’s code. The two full circles represent the two distinct types of instability which
are separated by a region of stability. Their spatial character, as simulated by the
MagIC code, is illustrated in Fig. 10b-e.
At low Ha = 5, the instability arises in the equatorial jet, see Fig. 10b,d. It is anti-
symmetric with respect to the equator, and characterized by an m = 3 azimuthal
dependence. At higher Ha = 30, the instability arises along the Shercliff layer, see
Fig. 10c,e, it is symmetric with respect to the equator, and has an m = 4 azimuthal
dependence.
3.2 The HEDGEHOG experiment
HEDGEHOG (see Fig. 9) consists of one of two optional inner spheres (ri = 3 cm
or 4.5 cm) held in the center of an outer sphere (ro = 9 cm). The outer sphere is
a Polymethyl Methacetate (PMMA) acrylic with 30 cylindrical holders for ultra-
sonic Doppler velocimetry (UDV), and 168 copper electrodes for electric potential
measurement.
The space between the spheres is filled with GaInSn. Because of the high den-
sity of this medium, each optional inner sphere holds a lead weight to counter the
buoyancy force. The axial magnetic field is provided by a pair of copper electro-
magnets with central radii of 30 cm, with a vertical gap of 31 cm between them (a
near Helmholtz configuration). The spheres can be driven with a minimum rotation
frequency fi = 0.02 Hz by 90 W electromotors.
The data presented here is based on the velocity acquired from six equally spaced
UDV sensors on the northern hemisphere (NH), and from one UDV sensor on the
southern hemisphere (SH). This sensor configuration allows to identify (roughly)
the azimuthal dependence of the modes and their symmetry properties with respect
to the equator.
For low Ha the UDV sensors show an outward directed velocity around the depth
of the equatorial plane. This is the radial jet whose instability is known from the
purely hydrodynamic case [19]. Increasing Ha further, the jet is suppressed and a
growing area with zero velocity values comes up. At still higher Ha new velocity
fluctuations occur at greater depth of the UDV beam.
Using 6 sensor data in azimuthal direction, according to the Nyquist-Shannon
criterion a maximum wave number m = 3 can be resolved by Fourier transform.
Further to this, the frequency of the equatorially symmetric and anti-symmetric ve-
locity parts can be inferred from spectrograms. Using the data from the facing NH
and SH UDV pair, the equatorial symmetric part is computed as (uNH +uSH)/2, and
the anti-symmetric part as (uNH− uSH)/2. Figure 10f shows the Fourier transform
of the anti-symmetric part taken at a depth of 25 mm For this low Ha = 5 we clearly
recognize a dominating azimuthal m= 3 mode, also with the numerically predicted
frequency (not shown here).
At Ha = 30 the instability is distinctly shifted towards the inner sphere and ac-
quires an equatorially symmetric character, which indicates the onset of the return
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flow instability. Figure 10g shows the Fourier transform of the symmetric part taken
at a depth of 36 mm. We clearly recognize a dominating azimuthal m= 4 mode, also
with the numerically predicted frequency.
The wave number and frequency observations at the chosen Re = 1000 and in-
creasing values of Ha are in good agreement with numerical predictions. In future,
electric potential measurements will help to resolve the remaining ambiguities with
respect to the azimuthal wave number of the observed modes.
4 Conclusions and Outlook
Despite the significant theoretical and experimental achievements on the various
inductionless forms of shear or current-driven instabilities, the unambiguous labo-
ratory proof of SMRI is still elusive. In the following we will sketch our plans for
a large-scale liquid sodium experiment which is supposed to allow for studying the
transition between the inductionless versions such as HMRI and AMRI to SMRI.
Further to this, we will also delineate the prospects for laboratory studies of in-
stabilities of rotating flows with positive shear.
4.1 The large MRI/TI experiment
The DREsden Sodium facility for DYNamo and thermohydraulic studies (DRES-
DYN) is intended as a platform both for large-scale experiments related to geo- and
astrophysics as well as for experiments related to thermohydraulic and safety as-
pects of liquid metal batteries and liquid metal fast reactors. The most ambitious
project in the framework of DRESDYN is a homogeneous hydromagnetic dynamo
driven solely by precession [77, 78].
A second large-scale experiment relevant to geo- and astrophysics will investi-
gate combinations of different versions of the MRI with the current-driven TI (see
Fig. 11). Basically, the set-up is designed as a Taylor-Couette experiment with 2 m
height, an inner radius ri = 20 cm and an outer radius ro = 40 cm. Rotating the inner
cylinder at up to 20 Hz, we plan to reach Rm∼ 40, while the maximum axial mag-
netic field Bz = 120 mT will correspond to a Lundquist number S := Pm1/2Ha∼ 8.
Both values are about twice their respective critical values for SMRI as they were
derived in [49].
Below those critical values, we plan to investigate how the helical version of MRI
approaches the limit of SMRI [18]. To this end, we will use a strong central current,
as it was already done in the PROMISE experiment [61, 74]. This insulated central
current can be supplemented by another axial current guided through the (rotating)
liquid sodium, which will then allow to investigate arbitrary combinations of MRI
and TI. As discussed in Sec. 2, theoretical studies [28, 29] have shown that even a
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slight addition of current through the liquid would extend the range of application
of the helical and azimuthal MRI to Keplerian flow profiles.
4.2 Positive shear instabilities
The last remarks refer to flows with positive Ro, i. e. flows whose angular velocity
(not only the angular momentum) is increasing outward. From the purely hydro-
dynamic point of view, such flows are linearly stable (while non-linear instabilities
were actually observed in experiments [87]). Flows with positive Ro are indeed rele-
vant for the equator-near strip (approximately between±30◦) of the solar tachocline
[42], which is, interestingly, also the region of sunspot activity [7].
As discussed in Sec. 2, a first hint on a magnetic destabilization of flows with
Ro > RoULL was given in the paper [32] for the case of a helical magnetic field. For
a purely azimuthal field, a similar effect was found both in the framework of WKB
approximation [79] as well as by a 1D modal stability analysis [57].
What are the prospects for an experiment that could show a magnetic destabi-
lization of positive shear flows? The WKB analysis in [78] has revealed the need
for a rather narrow gap flow which necessarily leads to comparable high axial cur-
rents. For a prospective Taylor-Couette experiment with Na with an outer diameter
of ro = 0.25 m, and choosing η = 0.85, those values would be Re = 1898, Ha = 892
which amounts to physical values of fo = 0.022 Hz, and Bφ (ri) = 77 mT, requiring
a central current of 82 kA !
The 1D simulations of [57] predicted more optimistic values in the order of 30
kA, if the radial boundaries were considered as ideally conducting. It remains to
be shown by careful numerical studies what are the real critical currents for an op-
timized laboratory implementation when realistic conductivity ratios between the
liquid (sodium) and the wall material (copper) are taken into account.
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Fig. 10 Numerical simulations and experimental results of the HEDGEHOG experiment. (a)
Boundaries of instabilities in dependence on Ha and Re, reproduced from [86]. Lower left: Jet
instability at Rm = 1000 and Ha = 5. (b) Meridional view of the simulated radial velocity compo-
nent at r= 0.85ro, showing the anti-symmetric character with respect to the equator. (d) Polar view
of the meridional velocity component at θ = pi/2, showing an m = 3 azimuthal dependence. (f)
Azimuthal Fourier components of the UDV measured velocity taken at a depth of 25 mm, showing
the expected dominance of the m= 3 mode. Lower right: Return flow instability at Rm = 1000 and
Ha = 30. (c) Meridional view of the simulated radial velocity component at r= 0.6ro, showing the
symmetric character with respect to the equator. (e) Polar view of the meridional velocity compo-
nent at θ = pi/2, showing an m = 4 azimuthal dependence. (g) Azimuthal Fourier components of
the UDV measured velocity taken at a depth of 36 mm, showing the expected dominance of the
m= 4 mode.
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Fig. 11 Drawings of the combined MRI/TI experiment as planned in the framework of the DRES-
DYN project. (a) Total view. (b) Central module from outside. (c) Central module from inside.
